Trichomanes speciosum is a threatened species restricted to sheltered, very humid sites. Uniquely amongst European ferns, differing ecological tolerances of the gametophyte and sporophyte generations are manifested as widely differing distributions. The perennial, vegetatively propagating gametophyte persists in drier, colder, darker habitats than the sporophyte. In sites where the gametophyte grows, light availability was found to be 1 µmol m −# s −" for approx. 85% of daylight hours, rarely or (in some sites) never rising above 10 µmol m −# s −" . Much of the time, light was 0.01% of full sunlight. Measurements of gas exchange and chlorophyll fluorescence yield show that these plants have optimal photosynthesis at light intensities c. 5-10 µmol m −# s −" , the highest light to which they are normally exposed to in their natural environment. The absence of any capacity for reversible nonphotochemical fluorescence quenching means that there is little or no protection of the photosynthetic apparatus from light-induced damage. We conclude that these plants are able to create what are essentially monocultures in their extreme environments only because of a combination of low metabolic rate (at low temperatures) and an ability to make efficient use of what little light is available to them by morphological and physiological means.

A basic and obvious requirement for the existence of any plant is that it should be able to achieve a positive carbon (C) balance. For most plants this does not present a major problem. The amount of light available for photosynthesis in most habitats is more than sufficient to support growth and reproduction. Plants that grow under shaded conditions typically possess a range of adaptations that allow them to maximize the efficiency with which they capture light and minimize their ' costs ' (Boardman, 1977 ; Bjorkman, 1981 ; Anderson et al., 1995) . They generally have low relative growth rates, thin leaves and a low root : shoot biomass ratio. Their respiration rate and maximum rate of photosynthesis are usually low. Their chloroplasts usually have a characteristic morphology, with large irregular granal stacks. A low Chla : b ratio is typically seen, reflecting a large investment in Chla\b-binding light-harvesting complexes, relative to Chla-binding core antenna proteins. Levels of enzymes involved in C fixation are also typically low.
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Although typical shade plants are able to survive in habitats where the ambient light intensity is only a few per cent of direct sunlight, certain plants can survive in locations where the availability of light is lower still, by one or two orders of magnitude. One such example is the growth of algae in frozen lakes (Neale & Priscu, 1995) . Here we describe a study on the fern Trichomanes speciosum which we believe to be the most shade tolerant of all plant species so far studied.
Predominantly a species of tropical cloud forest and temperate rain forest, T. speciosum is the largest of the three species of filmy ferns (Hymenophyllaceae) found growing in Europe. In Britain it is at the northernmost limit of its natural range. The sporophyte has leaf blades that are only a single cell thick and have little control over water loss. Plants are therefore restricted to very damp environments, such as in caves behind waterfalls. Sites in northern Europe with moderated temperatures and constant high humidity are almost invariably also in deep shade. The scarcity of such habitats, together with collection of this attractive plant, have reduced its numbers to a level meriting legal protection throughout Europe (Ratcliffe et al., 1993) . The species has been the subject of intense study in the past decade, as it is the only European fern that has gametophytes that persist and reproduce themselves in the absence of the sporophytes (Rumsey et al., 1990) . These perennial, filamentous, mat-forming plants are locally abundant and far more widely distributed than the sporophytes in Europe (Rumsey et al., 1998a,b) and grow in extremely shaded locations. They usually inhabit deep rock overhangs in undercut areas at the base of cliffs, but can also be found in recesses amongst boulders, in small natural caverns and crevices (Rumsey et al., 1998a) . Levels of photon flux density (PFD) in such sites are routinely well below 1 µmol m −# s −" (Rumsey et al. 1991 ; Rumsey, 1994) .
The unusual, extreme habitat of T. speciosum makes it an important study organism for physiological examination. In addition, a better understanding of the physiological requirements of the species should inform the management of the sites in which the plants persist, reducing the risk that existing populations might be damaged, and perhaps suggesting strategies that enhance the success or extend the range of this species.
It was apparent from earlier studies (Rumsey et al., 1991 ; Ratcliffe et al., 1993 ; Rumsey, 1994 ) that both generations of T. speciosum were restricted to extremely shaded environments in the British Isles. Our aims in this study were the following.
$ To monitor conditions in microhabitats occupied
by the species to characterize the light and temperature environments in which the plants currently grow. $ To determine the ability of both generations of T. speciosum to perform photosynthesis, both in their natural habitat and under controlled conditions. $ To identify mechanisms by which the species exploits deep shade environments and to assess the ability of these plants to respond to enhanced light intensities.
  

Monitoring of microhabitats
Environmental monitoring took the form of spot readings at a range of sites, and environmental data logging at sites in Killarney, Ireland and West Yorkshire, UK. Measurements were made of PFD, air temperature and relative humidity. Data logging was performed using Delta-T data loggers (Delta-T Devices Ltd, Cambridge, UK). Spot measurements of PFD were made using either a Crump Scientific 550 quantum sensor (Crump Scientific, Rayleigh, UK) or a Skye SKP 200 quantum sensor (Skye Instruments, Llandrindod Wells, UK). Spot measurements at Torc Waterfall, Killarney, County Kerry, Ireland were recorded over 3 d in May 1993, at a sitet supporting both sporophytes and gametophytes of Trichomanes speciosum Willd. The study site was at approx. 60 m altitude at the undercut base of a 20 m tall cliff face, within 5 m of a fast-flowing stream, facing almost due east. The surrounding vegetation is typical of the Killarney oak woodlands described by Tansley (1949) . The abundance of the small evergreen tree Ilex aquifolium as an understorey gives this area a distinct character and woodland floor light regime.
A series of regular (approx. monthly) recordings of micro-environmental variables were made at two contrasting gametophyte sites in the UK from April 1992 to December 1993. At both sites the plants grow on sandstone of the Millstone grit series and at a similar altitude ; however they are topographically very different, of contrasting aspect and floristically dissimilar, and the nature of the water bodies differed markedly. The site at Callis Wood, Hebden Bridge, West Yorkshire, UK is in a recessed area approx. 5 m long by (at most) 0.5 m high and approx. 1-1.5 m deep under a large, boulder covered bank, just above and adjacent to a stream. The monitored microsite was at an altitude of approx. 150 m and faced about north-west. This site was chosen to contrast, as much as possible, with the second Yorkshire site.
The site at Bell Bank, Bingley, West Yorkshire, UK consists of an amphitheatre of steep wooded banks on an early Holocene landslip facing south to south-east, over which are spread large gritstone boulders (many partially soil-covered). The monitored site was in a small cavern formed by tumbled boulders sealed by slumped soil on an approx. 50m slope. The cavern is approx. 1.8 m high by 2 m deep and 3.5 m wide, the aperture sufficient to allow the entry of a person but partially obscured by trailing vegetation and fallen branches. The aspect is south and the altitude is approx. 125 m.
Data for the two field sites were compared with meteorological data recorded at a nearby site of similar altitude in Lister Park, Bradford, West Yorkshire over the same period of time (obtained from Bradford City Library).
Field and laboratory measurements of photosynthetic performance
Gametophytes of T. speciosum were collected (under licence) from sites in West Yorkshire. Field measurements on gametophytes were performed at the Hebden Bridge site. After collection, plants were maintained in a growth cabinet at a temperature of 20mC and a light intensity of 2 µmol m −# s −" . Measurements on sporophytes were made on plants growing in cultivation in the Chelsea Physic Garden, London, UK.
Measurements of chlorophyll fluorescence were made using a PAM-2000 chlorophyll fluorometer (Heinz Walz GmbH, Effeltrich, Germany). For fluorescence measurements, actinic illumination was provided by the red light-emitting diode built into the PAM-2000 fluorometer. During these measurements care was taken to apply the minimum measuring light intensity achievable without compromising signal quality to an unacceptable degree. Given the low ambient light in the site where the plants were growing, the possibility cannot be excluded that the measuring light had some actinic effect. Where values for PFD during measurements are given, these include the contribution of the measuring light. Measurements of O # evolution were performed using an LD2\2 leaf disk chamber (Hansatech Ltd, King's Lynn, UK) illuminated with an LH36 diode array light source. Approximately 1 cm# of gametophyte ' mat ', or a similar area of sporophyte leaf, were planed in the electrode chamber and allowed to equilibrate for 10 min. An estimate of respiration was then made. The plant was then illuminated for 15 min at the highest irradiance. The light was then reduced to the lowest intensity and the plant illuminated for 5 min at each intensity, returning to the highest. Comparison of the rate of O # evolution at the beginning and end of the measurement showed that no significant photoinhibition occurred during this procedure. Data were recorded using a chart recorder or using a PC running the ACQUIRE data acquisition package (Hansatech Ltd).
For chlorophyll estimations, gametophytes or sporophyte samples were ground with sand in a pestle and mortar in the presence of 80% acetone (v\v). Chlorophyll a and b were estimated using the method of Arnon (1949) .

Micro-environmental monitoring
Simple spot measurements of environmental conditions, made over 3 d at a sporophyte site at Killarney, Ireland, revealed highly uniform conditions (Table 1) . As these measurements are very limited in nature they provide no indication of the range of conditions to which the plants are exposed, but do give an order of magnitude for the environmental conditions at this site. Data for the two exclusively gametophyte sites (Bingley and Hebden Bridge, UK) recorded approximately monthly over 2 yr with data being logged for a minimum of 24 h, also revealed a high degree of environmental uniformity (Figs 1, 2, Table 2 ). The humidity in all three sites was always high, never 70%, and more typically 90-100%. The temperature in the three sites was within a narrow range. Although spot measurements in the Irish site were recorded only for a restricted period, they do indicate a degree of uniformity through time (approx.p3.5mC). The more extensive data sets for the two UK sites clearly show a high degree of stability. The mean diurnal temperature variation is only c. 1mC, and the annual fluctuation (approx. 10mC) is far smaller than occurs in open sites in the same localities. Data for a nearby site in Bradford ( Table 2 ) show clearly that both The sporophyte site, in Killarney, represents a deep shade environment, although there was evidence from the limited number of measurements made that this was punctuated by periods of high light. In the two UK gametophyte sites, however, available light was markedly lower. Data in Fig. 2 and Table 2 are limited in that the light sensor used in logging these sites was not sensitive to PFDs 1 µmol m −# s −" . For this reason, in Fig. 2 we have classified the light environment on the basis of four categories, the lowest of which is ' 1 µmol m −# s −" '. Spot measurements with a more sensitive light meter suggest that for much of the time PFD is as low as 0.1 µmol m −# s −" . Despite these limitations it is clear that, although these plants do receive periods of relatively high light (in the case of one site, as high as 600 µmol m −# s −" ), these represent a very small proportion of time. Furthermore, thee periods occur in the winter, when temperatures in the gametophyte sites are at their lowest. In total, light intensities 1 µmol m −# s −" represent only approx. 15% of total daylight hours in the two gametophyte sites. At Hebden Bridge the PFD never rose above 10 µmol m −# s −" . At Bingley periods of higher PFD were recorded, but these were very rare and always brief.
No other plant species was found growing in the main areas occupied by the gametophytes. We were therefore interested to establish whether Trichomanes gametophytes possess any physiological adaptations to these growth conditions. In view of the plant's rarity and its level of statutory protection, as well as the extremely slow growth rates that make laboratory cultivation impractical, extensive physiological measurements are not feasible. Given this, the detail of the physiological characterization carried out is inevitably limited. Fig. 3 shows the light dependency of photosynthesis for gametophytes and sporophytes of T. speciosum measured at 20mC. Plants had been maintained in the laboratory, in a growth cabinet under low light conditions (2 µmol m −# s −" , 20mC), for approx. 1 wk before measurement. The saturated rate of photosynthesis of both gametophyte and sporophyte generations is very low when compared with other fern species (Winter et al., 1986 ; Nasrulhaq-Boyce & Haji Mohamed, 1987) or other typical deep-shade species (Chow et al., 1991) . There was, however, a clear difference between the two generations, with the gametophyte having a maximal rate of photosynthesis of 2 µmol O # g −" Chl s −" , compared with 4 µmol O # g −" Chl s −" in the sporophyte. The respiration rate in these plants was also very low -approx. 0.4 µmol O # mg −" Chl s −" in the gametophyte and 1 µmol O # mg −" Chl s −" in the sporophyte. The light compensation point in all these plants was found to be c. 5 µmol m −# s −" . The light saturation point for each set of plants was 30-50 µmol m −# s −" in each case.
The Chla : b ratio in these plants was 1.58p0.06 and 2.0p0.06 for the gametophytes and the sporophyte, respectively. These Chla : b ratios were maintained when plants were kept in the laboratory for up to 5 wk at a range of light intensities from 2 to 35 µmol m −# s −" .
Because of the morphology of the gametophytes of T. speciosum, as well as their low rates of photosynthesis, it is difficult to measure photosynthetic performance under field conditions. Instead, we adopted the approach of measuring chlorophyll fluorescence in order to make estimates of photosynthetic performance of gametophytes in situ. It is important to understand how plants perform in their natural habitat, because the conditions of tempera- ture and humidity inside caves can vary significantly from those produced in the laboratory, and might have a significant bearing on gas exchange. Fig. 4a shows the relationship between the quantum yield of photosynthesis (Φ PSII ) and PFD of gametophytes growing near Hebden Bridge. At the time of measurement the temperature at the point of measurement was 10-12mC. Measurements were performed at noon on a sunny day in July. The PFD in direct sunlight at the site was approx. 1500 µmol m −# s −" . The PFD of the microsite, at the point of measurement, was at the limit of the sensitivity of the light meter used (0.1 µmol m −# s −" or lower). Measurements of the quantum yield of PSII can be used to provide estimates of the relative rate of PSII electron transport (Φ PSII iPFD). The relationship between the calculated rate of electron transport (ETR) and PFD for the same plant is shown in Fig.  4b . The minimum PFD that could be produced from the PAM-2000 light source without compromising the fluorescence signal to noise excessively was 4.4 µmol m −# s −" . At this light intensity, Φ PSII has already fallen from the value of 0.75, measured in the absence of an additional actinic light, to c. 0.6. The value of Φ PSII continues to fall as light intensity increases. From calculating the ETR, it can be concluded that, in situ, photosynthesis reaches a saturated level at light intensities c. 4-5 µmol m −# s −" . This contrasts with the saturation point of c. 30-40 µmol m −# s −" observed with an oxygen electrode at 20mC. Likely factors giving rise to this discrepancy include temperature and CO # concentration. The latter seems unlikely to be limiting in situ, as the saturated rates of photosynthesis are so low and the diffusive resistance of the gametophyte, being only one cell thick, will be minimal.
To examine the effect of temperature on photosynthetic capacity in more detail, the relationship between Φ PSII , ETR and PFD was measured in a leaf disk oxygen electrode chamber at different temperatures (Fig. 5 ). Measurements were made in the presence of saturated CO # concentrations, so are directly comparable to measurements in Fig. 3 . Observations made at c. 10mC are comparable to measurements performed in situ at similar temperatures. Electron transport is saturated at or close to 5 µmol m −# s −" . Although comparison of apparent electron transport rates between samples is problematic, the maximum ETR estimated is also similar. This maximum is, however, significantly lower (20-50%) than that measured at 20mC. From this we conclude that the maximum rate of photosynthesis Gametophyte traces were recorded in situ in a cave near Bingley, UK (a) or at 20mC in the laboratory in plants that had been adapted for several weeks to a light intensity of approx. 5 µmol m −# s −" (b). The sporophyte data were recorded on a leaf sample collected from Chelsea Physic Garden, London, UK, and stored at 4mC in darkness for approx. 1 wk (c). Traces were recorded beginning with the measuring light switched off. This was switched on (6ml) and shortly after an actinic light was applied (6al). A series of saturating flashes was then applied (6Fl). After approx. 2 min the actinic and measuring lights were switched off.
achieved by the gametophyte at ambient temperatures in the site near Hebden Bridge is likely to be
. This is some 10-40-times less than light-saturated rates of photosynthesis seen in more typical deep-shade plant species (Chow et al., 1991) . The combination of low rates and decreased stability of the oxygen electrode at lower temperatures meant that meaningful measurements of rates of oxygen evolution and uptake at low temperature were unsuccessful.
Because of the low light intensities at which these plants are operating, it is difficult to make an accurate estimate of the maximum quantum yield using fluorescence. Our estimates suggest the maximum value of the ratio of variable to maximal fluorescence (F v \F m ) to be 0.75p0.004. This value is probably an underestimate since, even at the lowest intensities of the measuring light, there is a danger that this might be sufficient to perturb the measurement.
Measurements of fluorescence on Trichomanes gametophytes revealed that they have a limited ability to quench chlorophyll fluorescence, especially when measured in situ. Fig. 6a shows the fluorescence emission of an in situ T. speciosum gametophyte growing near Hebden Bridge, upon illumination at 11 µmol m −# s −" . This is compared with gametophytes collected from this site and maintained in the laboratory at low light (2 µmol m −# s −" ) for 4-5 wk (Fig. 6b) , and with a frond from a sporophyte collected from the Chelsea Physic Garden (Fig. 6c) . For plants measured in situ, virtually no nonphotochemical quenching is apparent, as indicated by the failure of F m (the maximum level of fluorescence, measured by giving high-intensity light pulses) to fall during illumination. What little quenching of F m does occur is only slowly reversible, suggesting that it is due to photoinhibition (data not shown). There is no high-energy state quenching. Similar observations were made in plants transferred to the laboratory and measured immediately afterwards (data not shown). By contrast, there is a degree of reversible nonphotochemical quenching in the sporophyte (Fig. 6c ) and in the gametophyte maintained for longer periods under laboratory conditions (Fig. 6b) .

Microsite environment
The sites occupied by gametophytes of T. speciosum in the British Isles represent what is almost certainly the most extreme environment, in terms of light availability, that it is possible for a nonparasitic plant to tolerate. Even after a period of some minutes' acclimatization, it is not possible to see the plants in their natural location without the aid of a torch. Many plant species are able to survive at light intensities far below full sunlight, but T. speciosum represents a particularly extreme example of such low-light adaptation. The light penetrating to the most extreme sites where T. speciosum grows was found, in spot measurements, to be 0.01% of full sunlight. Such low light is the norm where T. speciosum grows (Fig. 2) .
The gametophytes of Trichomanes usually grow directly on rocks, often on the roofs of caves, and most of their water supply appears to come from the atmosphere. Electron microscopy reveals that fungal hyphae are not present within living cells, or intimately associated with the external surfaces (Raine, 1994) . This would indicate that no close mutualistic or parasitic relationship exists, as seen in pteridophytes with achlorophyllous subterranean gametophytes (e.g. Botrychium, Lycopodium ; Moteetee et al., 1996) . Other organisms in the detrital layer between the rock face and the base of long-established gametophyte tufts might make some organic C available but, if present, are unlikely to be sufficiently abundant to play a major role in affecting the total C budget.
Survival strategies of T. speciosum
If this species does not have access to external C sources then the question arises : does this species depend, for its survival, on short periods of relatively high light that can penetrate through the tree canopy and into the recess where the gametophyte grows ?
Physiological adaptation. If T. speciosum is surviving from photosynthesis supported by the very low ambient light intensities available in the sites we have studied, it must, on average, be able to achieve net photosynthesis. The light compensation point for both the gametophytes and for the sporophytes of T. speciosum was c. 2-5 µmol m −# s −" at 20mC. This is significantly higher than the ambient light intensity found for most of the time in the gametophyte sites. The temperature in the caves where T. speciosum grows fluctuates around 8mC and does not normally rise above 15mC. Although the gametophyte has an intrinsically low capacity for respiration, the metabolic rate will be further suppressed by the low temperatures at which it grows. Assuming a doubling of rate with a 10mC rise in temperature for respiration, and a temperature insensitivity for the quantum yield of photosynthesis, the light compensation point in the plant's natural environment is likely to be 1 µmol m −# s −" . It is probably because of the low temperatures prevailing in these sites that metabolic demand and, therefore, the rate of respiration is suppressed sufficiently to allow the gametophyte to tolerate the low light availability. The temperature in the gametophyte sites is not optimal for growth-growth was better in the laboratory at 20mC than at 12mC (Raine & Sheffield, 1997) . We did make attempts to measure the respiration rate at temperatures 20mC but, as with measuring photosynthetic oxygen evolution, these were unsuccessful.
An alternative hypothesis is that T. speciosum gametophytes are able to survive in the study sites by storing photosynthate accumulated during short periods of high light. The gametophytes studied seem to have a photosynthetic apparatus that is optimized for light intensities c. 5-10 µmol m −# s −" under the temperature and humidity conditions in which they grow. Even when the light in the caves rose above 1 µmol m −# s −" , it remained below 10 µmol m −# s −" at all times during the period of study in the Hebden Bridge site. Thus we conclude that the plants in this site were optimized for the highest light conditions to which they are exposed, and are therefore likely to be making efficient use of any ' extra ' light.
Biochemical adaptations. Measurements of the Chla :
b ratio in T. speciosum gametophytes show values markedly lower than those seen in other British plant species (Johnson et al., 1993) . A low Chla : b ratio is generally held to be indicative of a plant possessing a large proportion of Chla\b-binding light-harvesting complexes (LHCII and I), an adaptation that is often regarded as typical in plants adapted to lowlight environments (Anderson et al., 1995) . From this point of view T. speciosum might be regarded as an extreme example of a low-light species. Such low values for Chla : b are not typical of other fern species (Nasrulhaq-Boyce & Haji Mohamed, 1987) , suggesting that these low values are not a consequence of having a fundamentally different light-harvesting system. In our studies we found no evidence of acclimation of Trichomanes to different light and temperature conditions, in terms of changing Chla : b ratios. Even during prolonged periods at relatively high light, the Chla : b ratio did not change. High light intensities ( 100 µmol m −# s −" ) caused damage to, and visible bleaching of, the gametophyte, but no change in Chla : b. The higher Chla : b ratio seen in the sporophytes might, however, represent a degree of adaptation or acclimation in plants which had previously grown in a comparatively high-light situation. The low Chla : b ratio might be expected to be accompanied by an increase in the proportion of stacked thylakoids within the chloroplast, in line with the morphological adaptations of other shade plants. The micromorphology of T. speciosum is the subject of an ongoing study (K. Makgomol & E. Sheffield, unpublished) .
Bioenergetic adaptations. One consequence of a large antenna size, as implied by the low Chla : b ratio, is likely to be a decrease in the maximal trapping efficiency of excitation energy. The values recorded in these plants for F v \F m , a measure of trapping efficiency, are significantly lower than those published for angiosperms (Demmig & Bjorkman, 1987 ; Johnson et al., 1993) , but similar low levels are seen in other fern species growing at more usual light intensities (G. N. Johnson, unpublished) . These results suggest that the maximum quantum yield of photosynthesis in this species is low compared with other species, a surprising conclusion given the extreme low-light conditions in which this plant survives. In a large antenna, the time taken for an exciton to reach a reaction centre will be high, and so the probability of that energy being lost as fluorescence or as heat will be correspondingly increased. This might explain the relatively low value of F v \F m recorded in this species.
A large antenna size might cause a loss of quantum efficiency. On the other hand, the absence of any ability to perform high-energy-state quenching might allow the plant to achieve an increase in efficiency. Although it is known that the capacity for high-energy-state quenching varies between species in a manner that, to some extent, mirrors the habitat in which plants grow (Demmig-Adams et al., 1989 ; Johnson et al., 1993) , the cost to the plant of having a high quenching capacity is less clear. The ability of T. speciosum to alter its capacity for high-energystate quenching is consistent with the theory that this quenching is costly to plants growing at low light (Johnson et al., 1993) . The implication of this is that the process of high-energy-state quenching, although present when the plants grow under higher light intensities, is ' switched off ' when the plant grows under extremely low light. Fluorescence curves similar to that in Fig. 6c have been seen in other plant species under conditions where highenergy-state quenching is inhibited by dithiothreitol (Bilger et al., 1989) , or in plants lacking lightharvesting complexes, either when grown under intermittent light (Johnson & Krieger, 1994) or in mutants lacking Chlb (B. Genty, unpublished). When plants of T. speciosum grow under these extreme low-light conditions, they contain considerable quantities of Chlb, suggesting that they possess Chla\b-binding light-harvesting complexes.
In addition to the physiological characteristics reported here, T. speciosum gametophytes show a morphology that might make them particularly well adapted to extreme shade tolerance. Almost all living tissue of the gametophytes is green and photosynthetically competent, and they do not invest in anything that could be described as a root system. Thus they could be regarded as representing an extreme example of the rule that shade plants invest more in photosynthetically active tissues than in below-ground structures. Their ability to survive indefinitely in a vegetative form is again an extreme example of the general rule for shade-tolerant plants.

Our studies suggest that it is only by maintaining a very low metabolic rate, growing at low temperatures and making efficient use of available light that the gametophyte of T. speciosum continues to survive in the British Isles. The gametophyte's tolerance of extremely low light does not appear to be shared to the same extent by the sporophyte, perhaps explaining in part the extreme rarity of this growth form in the British Isles. The sporophyte has a higher proportion of nonphotosynthetic tissue than the gametophyte, and is likely to have a higher respiratory demand overall. It is the combination of high humidity and low light required by these plants that leads to a limitation in the number of sites available to them. Our results might have some implications for the management of sites where this protected species grows. Changes to the local environment that cause modest increases in light availability (e.g. removal of tree cover) might be beneficial to some extent, but only up to an ambient PFD of c. 10 µmol m −# s −" . Sustained exposure to higher levels of PFD ( 50 µmol m −# s −" ) is likely to cause bleaching and death of colonies. Interference with sites is, however, likely to have other effects, such as changing humidity and temperature stability, so deliberate action should be contemplated with caution.
